opment of severe pneumonia and pulmonary failure. PE was associated with a higher kidney survival rate (log rank test, p = 0.026) during follow-up. It also significantly decreased plasma IgA-IgG complex levels (pre-PE: 85.3 ± 25.9% vs. post-PE: 38.4 ± 12.4%, p < 0.001) and plasma and urinary active complement product levels, including C3a, C5a and soluble C5b-9. The latter levels remained low until the last follow-up. Conclusion: This study indicated that PE could increase renal recovery rates in severe CreIgAN.
Introduction
IgA nephropathy (IgAN) is one of the most common glomerulonephritis and is characterized by a highly variable clinical course and diverse histopathological lesions [1] . Although most affected individuals develop chronic slowly progressive renal injury, a subgroup of patients (<5% of all IgAN patients) have diffuse crescent formation, which is termed as crescentic IgAN (CreIgAN) and often leads to rapidly progressive kidney failure. The recent Kidney Disease: Improving Global Outcomes (KDIGO) guidelines suggest high-dose steroids and cyclophosphamide therapy for CreIgAN [2] . However, this suggestion is mainly based on several small observational studies [3] [4] [5] , and the 1-and 5-year renal survival rates of patients treated with this regimen were as low as 65% and 28%, respectively, in one large cohort of CreIgAN patients [6] .
Plasma exchange (PE) therapy has been shown to be beneficial in crescentic glomerulonephritis caused by anti-neutrophil cytoplasmic antibody (ANCA)-associated vasculitis or anti-glomerular basement membrane (GBM) antibody disease [7, 8] . However, there is only poor-quality evidence to support the use of PE in CreIgAN. One anecdotal report indicated a benefit of PE in combination with immunosuppressive therapies in 5 IgAN patients [9] . Furthermore, this has been confirmed in other case reports [10] [11] [12] [13] .
In our prior study including 113 CreIgAN patients, we found that patients with severe CreIgAN and serum creatinine (SCr) >600 μmol/l were unlikely to recover from chronic dialysis, even when combined with aggressive immunosuppressive therapy [6] . We have therefore added PE therapy to the initial treatment regimen for severe CreIgAN in our clinical practice since 2011. In this study, we aim to determine the long-term efficacy and safety of the addition of PE in the initial treatment regimen of patients with severe CreIgAN.
Methods

Patients
CreIgAN patients who were referred to the renal division of Peking University First Hospital and received PE treatment were enrolled in this study. In a previous cohort study, we observed that CreIgAN patients do not recover after they reach a stage requiring dialysis [6] . Therefore, from November 2011, we have considered adding PE treatment within 2 weeks after kidney biopsy in patients with diffuse active crescent formation and rapidly progressive kidney failure, who also met at least one of the following criteria: (1) SCr >600 μmol/l, (2) requirement of dialysis and (3) persistent deterioration of kidney function even after treatment with high-dose steroids and other immunosuppressive agents. Patients with serum ANCA or anti-GBM autoantibodies were excluded from this study. We selected matched controls from a cohort of 63 CreIgAN patients by performing propensity score matching based on initial SCr and pulse methylprednisolone, oral steroid and immunosuppressant treatments.
Patients were followed up for at least 6 months or until they progressed to end-stage kidney disease (ESKD) and were dependent on dialysis for at least 6 months.
Treatments, Follow-Up and Outcome Measures
Plasmapheresis was carried out every other day or every 3 days, and we used 2-3 liters plasma volumes replacement fluid with 5% albumin or fresh frozen plasma in each session. In all PE procedures, low molecular weight heparin/heparin was used for anticoagulants and single vascular access was used. Immunosuppressive therapy was administered as part of the routine intervention strategy in our clinical practice, provided there were no contraindications to it, such as active infection or fibrosis of most crescents. The aggressive immunosuppression regimen included pulse methylprednisolone (7-15 mg/kg/day for 3 days) followed by oral prednisone (0.8-1 mg/ kg/day; maximum dose, 60 mg/day) combined with other immunosuppressive agents, such as cyclophosphamide (2 mg/kg/day) or mycophenolate mofetil (1-2 g/day). The therapeutic regimen was adjusted according to the renal function and histological lesions.
The primary outcomes of interest were renal function recovery and ESKD or death. Renal function recovery was defined as independent of dialysis or SCr <200 μmol/l within 6 months and lasts without a first relapse until at least 12 months. ESKD was defined as patients who had received chronic dialysis for at least 6 months or undergone renal transplantation.
Plasma IgA1 and IgA-IgG Complex
Blood samples were collected at Peking University First Hospital with the informed consent of the study participants. All protocols were reviewed and approved by the Institutional Review Boards at the Peking University First Hospital. Plasma from 8 patients was collected before and after PE treatment and at the last follow-up. The plasma samples were aliquoted and stored at -80 ° C until analysis. In 2 patients, only pre-PE and last follow-up samples were available. Plasma circulating immune complexes were isolated using polyethylene glycol precipitation, as previously described [14] . The final protein concentration was determined using BCA Protein Assay Kit (Pierce Biotechnology, USA). IgA-IgG complexes were measured using ELISA. Microtitration plates were coated with 10 μg/ml F(ab')2 fragment of goat anti-human IgA (for crosscapture of IgA-IgG complexes, Jackson Immuno-Research Labs, West Grove, Pa., USA), as described. Precipitated plasma (1: 400 dilution) was then added and revealed with horseradish peroxidase-labeled rabbit anti-human IgG (1: 40,000 dilution, Sigma-Aldrich). The plates were developed with the peroxidase chromogenic substrate o-phenylenediamine-H 2 O 2 , and the reaction was stopped with 1 M sulfuric acid. The absorbance was measured at 450/570 nm. The immune complex levels were expressed as the ratio of the optical density of the sample to that of the positive control.
Plasma and Urine Complement Component Levels and Urine Interleukin-6
Urine from only 5 patients was collected before PE treatment and at the last follow-up. The samples were aliquoted and stored at -80 ° C. Plasma and urine concentrations of human complement components (including C5a, C3a and soluble C5b-9 (sC5b-9)) were determined using ELISA (Quidel, San Diego, Calif., USA). All the complement components were assayed according to the manufacturer's instructions. ELISAs for the measurement of the urinary concentration of interleukin (IL)-6 were obtained from R&D systems (USA).
Statistical Analyses
Normally distributed quantitative variables and non-normally distributed variables were expressed as means and SDs, and as medians and interquartile ranges, respectively. Categorical data were summarized as ratios and percentages. Differences in the means of continuous variables among the pre-PE, post-PE and last followup samples were compared using the paired samples t test or non- 
Results
Baseline Characteristics
From November 2011 to February 2016, 15 consecutive patients with evidence of diffuse crescent formation and rapidly progressive kidney failure received PE as an additional therapy. Ten of these patients required dialysis, while the other 5 did not require dialysis but exhibited kidney function deterioration even after aggressive immunosuppressive therapy. Of the 15 patients, 12 were followed up for at least 6 months and were included in this analysis ( fig. 1 ). Three patients were not included in the analysis, 1 patient who received only 3 courses of PE was lost to follow-up and the other 2 with improved kidney function after PE were followed up 2 and 4 months each. Twelve historical controls who were matched for initial SCr, steroids and immunosuppressants therapy and without PE were selected from a cohort of 63 CreIgAN patients by propensity score matching. The baseline characteristics of the 2 groups are shown in table 1 . The PE group contained 9 men and 3 women with a mean age of 42.7 ± 15.0 years; their baseline urine protein excretion rate was 5.8 (4.5-8.7) g/day, and their SCr level was 705.3 ± 296.4 μmol/l. Eight of these patients had nephrotic syndrome. Eleven of the patients had hypertension. Several other complications were also present in this group: 1 patient had severe pulmonary infection and a history of stroke and coronary heart disease, 1 had active tuberculosis, 1 had obsolete pulmonary tuberculosis, 1 had hepatitis B virus infection and 1 had bronchiectasis.
The mean percentage of crescents was 64.4 ± 24.4% (the percentages of cellular, fibrocellular and fibrous crescents were 29.8 ± 17.1, 34.7 ± 20.9 and 0% (0-22.2%), respectively), and 6 patients had more than 50% tubular atrophy and interstitial fibrosis lesion in the PE group. There was no significant difference in the baseline clinical characteristics or histological lesions between the study patients and the matched historical controls (online suppl. table S1; for all online suppl. material, see www.karger. com/doi/10.1159/000448767).
Treatments and Follow-Up PE treatment was initiated at a median of 9 days (range 4-27 days) after kidney biopsy. A mean of 7 PE sessions was performed per patient (range 5-10 sessions per patient) during a median period of 15 days (range 9-30 days). Nine patients each in the PE and control groups were treated with oral steroids and immunosuppressive agents ( table 2 ). Nine patients in each group received intravenous Immunosuppressive agents included cyclophosphamide, mycophenolate mofetil and leflunomide. * For 1 patient, dialysis had to be restarted owing to the development of severe pneumonia and pulmonary failure 1 month later.
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In the PE group, 4 of the 8 patients who were dependent on dialysis successfully recovered within 4 months (range 1 week to 4 months) after the kidney biopsy. However, in 1 patient, the dialysis had to be restarted owing to the development of severe pneumonia and pulmonary failure 1 month later. In contrast, none of the 9 dialysis patients in the control group recovered. Overall, after a mean follow-up duration of 15.6 months (range 6-51 months), 6 of the 12 patients in the PE group were free of dialysis, while all the patients in the control group were dialysis dependent (6 of 12 vs. 0 of 12, p = 0.014). PE therapy was associated with a higher kidney survival rate (log rank test, p = 0.026; fig. 2 a) , and the patients who were free of dialysis had stable SCr levels and proteinuria reduction throughout the follow-up, while for those with dialysis dependence, regular proteinuria measurements were not available because of oliguria or anuria during follow-up ( fig. 2 b, c) .
Plasma IgA-IgG Complex and Complement Fragment Levels
We examined the profiles of plasma IgA-IgG complex and complement activation products before PE, after PE and at the last follow-up in patients for whom sequential samples were available. There was a significant decrease in plasma IgA-IgG complex level after PE therapy (pre-PE: 85.3 ± 25.9% vs. post-PE: 38.4 ± 12.4%, p < 0.001) and a partial reversal to the baseline levels by the last followup (70.6 ± 24.6%; fig. 3 a) . PE treatment also significantly reduced the levels of plasma C3a, C5a and sC5b-9 ( fig. 3 bd) , all of which remained low until the last follow-up. Patients who were independent of dialysis had lower plasma complement activation products levels at the last followup than those who remained dependent on dialysis, although the difference was not significant (online suppl. S1 ). Similar to the plasma levels, the urinary levels of C3a, C5a and sC5b-9 in 4 patients (with urine samples available) significantly decreased after PE treatment and remained low until the last follow-up. The changes in urinary IL-6 level showed the same trend ( fig. 4 ).
Safety and Adverse Events
PE therapy in addition to immunosuppressive agents was well tolerated by most patients. One patient with a history of bronchiectasis developed severe pneumonia and pulmonary failure 1 month after discharge.
Discussion
Severe CreIgAN has poor outcomes, especially in those requiring dialysis at presentation, as these patients rarely recover from dialysis. In this study, we studied the data of 24 patients with severe CreIgAN (mean SCr >650 μmol/l). The control group patients who were treated with aggressive immunosuppressive therapy progressed to ESKD during follow-up. In contrast, in the PE group, 4 of the 8 patients who received dialysis recovered, among whom 1 restarted dialysis owing to the development of severe pneumonia and pulmonary failure 1 month later; 2 of the other 4 patients had progressive CreIgAN but did not need dialysis while hospitalization and had stable renal function with SCr fluctuates in 150-250 μmol/l and 360-420 μmol/l after PE therapy. The others remained dependent on dialysis or progressed to dialysis until the last follow-up. In addition, PE treatment reduced the levels of IgA-IgG complex and plasma complement activation products, which have been suggested to be involved in the pathogenesis of IgAN progression [15, 16] . Thus, this study indicated that the addition of PE to immunosuppressive therapy increases the renal recovery rate in severe CreIgAN patients.
The importance of this study is that it provides a new treatment alternative for patients with severe CreIgAN requiring dialysis. The 2012 KDIGO guidelines suggest the use of steroids and cyclophosphamide in patients with rapidly progressive CreIgAN [2] . However, this recommendation was mainly based on small observational studies, and has not been evaluated in large populations. In our prior study with 113 CreIgAN patients, we found low 3-and 5-year kidney survival rates of 46% and 30%, respectively. Furthermore, among the patients with severe CreIgAN (SCr level >600 μmol/l), only 3% were able to achieve independence from dialysis during follow-up [1] . Our present study has indicated a new optional treatment for this patient population. Case reports and case series from previous decades have addressed the PE treatment of IgAN patients with rapidly progressive kidney failure and crescent formation on renal biopsy (online suppl. table S2) [9] [10] [11] [12] [13] [17] [18] [19] [20] [21] . Coppo et al. [9] studied the effects of PE in 5 patients with progressive IgAN and found that PE delayed disease progression in the 3 patients with crescent formation, but did not delay progression in the patients with advanced sclerotic lesions [13] . In another 2 reports, PE treatment successfully restored kidney function in a child with CreIgAN and rapid renal function deterioration despite intravenous methylprednisolone therapy [10, 22] . However, this benefit has not been observed in other reports [21] , while some reports have found that PE treatment only slowed renal function deterioration and delayed the timeto-dialysis dependence [11, 13, 17, 20] . PE has been shown to benefit kidney function in adults [19] and children [18] with severe Henoch-Schönlein purpura. Recently, PE and eculizumab in addition to intensive immunosuppressive therapy were used to treat a 16-year-old boy with HenochSchönlein purpura and CreIgAN, the treatment remarkably improved the renal function of this patient, but gradual progression to ESKD occurred after about 1 year [23] .
Only one controlled trial has been performed on the PE treatment of CreIgAN patients [17] , it included 3 patients treated with corticosteroids and immunosuppressants and 6 patients who also received PE. Two of the 3 patients who received only immunosuppressive therapy became dialysis dependent, while the 6 patients receiving PE demonstrated resolution of renal failure during the therapy [17] . Our study thus represents the largest controlled study evaluating the efficacy of PE in severe CreIgAN. We included 12 patients with severe CreIgAN and 12 matched controls, and most of our patients required acute dialysis. Our find- Urinary IL-6/Cr (ng/ml) Fig. 4 . Change of complement activation products and IL-6 in urine after PE therapy. Solid circles were the levels of patients independent of dialysis during the follow-up, the hollow was the level of patients dependent on dialysis during the follow-up.
ings indicate that the addition of PE treatment to routine immunosuppressive therapy would significantly reduce the risk of kidney failure and increase the chances of recovering from dialysis.
The pathogenesis of IgAN is not well defined, but experimental and clinical data have established the crucial role of aberrantly glycosylated IgA1 and anti-glycan antibodies to the abnormal IgA1 in the pathogenesis of IgAN [15, 16] . The levels of circulating galactose-deficient IgA1 (Gd-IgA1) and anti-glycan antibodies are closely associated with kidney disease progression [24] [25] [26] . The formation of both Gd-IgA1 and anti-glycan antibody complexes activates the complement pathway, stimulates mesangial cells and induces cytokine secretion, resulting in inflammation and fibrosis [15, [27] [28] [29] [30] . The urinary levels of complement activation products were much higher in our patients than in patients with other IgAN fig. S2 ). Furthermore, we observed that PE treatment transiently decreased the circulating levels of IgA-IgG complexes. PE treatment also significantly reduced the plasma and urine levels of complement activation split products, which remained low throughout the follow-up. In addition, the levels of the inflammatory cytokine IL-6 decreased after PE therapy. This partially explains the mechanism underlying the effects of PE treatment in CreIgAN. However, serum IgA-IgG complex only transiently decreased and increased subsequently and thus PE treatment may only retard the crescents forming in the acute phase and its long-term effect is still unknown ( fig. 3 ) .
The strength of this research is that it represents the largest study of PE treatment in CreIgAN, a rare phenotype of IgAN. Furthermore, unlike other case series, this study included comparable controls selected using propensity score matching. The major limitation of this study is its retrospective study design and small sample size. Also this is a single-center study, and we cannot exclude selection bias as, especially in the control group, all of them progressed to end-stage of kidney disease even with an intensive immunosuppressive therapy. In this study, we mainly recruit patients with SCr >600 μmol/l, which represents a much more severe condition. In fact, results from a multicenter study showed that patients hardly recovered from dialysis in such a condition. A high-quality, multicenter, specifically powered trial involving CreIgAN patients is required to evaluate the efficacy of PE. Such a trial is being planned by our study group (the RESCUE study: NCT02647255).
In conclusion, this retrospective study found that patients with severe CreIgAN treated with the addition of PE showed benefit effect compared to patients with intensive immunosuppressive therapy alone. The PE therapy decreased the circulating levels of IgA-IgG complexes, and also decreased the levels of complementary activation split products. Furthermore, PE treatment significantly reduced the risk of kidney failure and increased the chances of recovering from dialysis. Therefore, PE should be considered in patients with severe CreIgAN. However, given the small sample size and retrospective design of our study, we cannot draw a definite conclusion from this study. A high-quality, randomized controlled trial is still needed.
